th birthday.
The Balkan Peninsula is a geographically and orographically well-defined area located in the southern part of Europe. The Peninsula is separated from the middle European and Pannonian Plain by the rivers Sava and Danube. This mostly mountainous-valley land extends to the south and ends with the coastline of Greece, the island of Crete and the Aegean islands. The Balkan Peninsula floristically represents the most diverse part of Europe and in this respect could be compared to the flora of the Iberian Peninsula, Asia Minor and even the Caucasus [2] . Previous comprehensive analysis of the Balkan Peninsula flora [3] revealed that the total number of species is more then 6750. The wealth and originality of the Balkan flora is elaborated by 1754 endemic taxa, which account for ca. 27 % of the total number of species [2, 4] . The family Asteraceae, among all the other families, is distinctly richer in the number of genera and species and the most diverse plant family of the Holarctis floristic kingdom in Europe and the Balkan Peninsula. According to Stevanovic et al. [2] , the taxonomical diversity increases from the north to the south of Europe and reaches its maximum in the Mediterranean, especially the Balkan region. In the flora of the Peninsula, the genus Achillea is represented by 49 taxa ranked as species, and 12 taxa ranked as subspecies. The total number of Achillea species recorded in the region is more then 35 % of the overall number of currently accepted species of the genus. Several hybrid combinations and numerous taxa of either infraspecific or lower significance than subspecies have also been documented for the region [1] .
Diversity of the genus Achillea in the area is high, but the phenomenon of endemism within the genus is also present with both regional and even local endemics. The number of regional (and trans-regional Balkan) endemic species, whose distribution is confined only to the territory of the Balkans or of a narrower area, is 18, which comprise 36.7 % of the total number of Achillea species integrated into the Balkan flora. Some of these taxa are very rare local or steno-endemics. Good examples of this group are: A. alexandri-regis, A. barbeyana, A. ambrosiaca, A. occulta, A. baldaccii, and A. pindicola subsp. corabensis. These are taxa recorded in very narrow geographical areas such as a single mountain or an island. Among the Balkan countries, Greece is inhabited by the largest number of endemic taxa of Achillea (13 species and 4 endemic subspecies). The great diversity and presence of endemic taxa indicates the importance of the Balkan area as the center for differentiation and speciation of the genus Achillea. This fact designates the Balkan Peninsula as a region of global significance, with numerous and original species of Achillea that present specific biological resources. All Balkan species and subspecies, including their trans-regional presence, are listed in Table 1 . The list was created from regional and national "Floras" and other literature sources indicating the distribution of the taxa of Achillea across the states of the region [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
According to the recent circumscription [1, 25, 26] , all species of Achillea fall into one of five sections (Achillea, Anthemoideae, Otanthus, Ptarmica and Babounya). Previously, on the basis of mostly morpho-anatomical and eco-geographical analysis, different and generally a greater number of sections was suggested (for example [17, 27] ). Recently, on the basis of nrITS and plastid trnL-F DNA sequences and other evidence, a new circumscription of the genus was established. This standpoint includes the former genera Otanthus and Leucocyclus inside the most basal clade of the genus Achillea [1, 26] . Having this in mind, A. maritima (Otanthus maritimus), which inhabits sandy habitats along the Mediterranean (including Balkan) and Atlantic coastline, belongs to the newly suggested sect. Otanthus [26] .
Coincidentally, a short time before we started working on this contribution, a review covering a similar field was published [28] . Not intending to duplicate this work, we still would like to complement it. The excellent review by Nemeth [28] is mainly devoted to discussion of the pharmacologically and economically important proazulene containing taxa, with little attention given to the latest genus circumscriptions [26] and almost none to the taxonomical problems of the Balkan endemic taxa. We deal with a number of taxa not mentioned in the earlier review and describe the chemistry and chemotaxonomical implications, as well as hypothetical biogenetic considerations of the essential oils isolated from different taxa of the Balkan Achillea.
In total, 23 Balkan taxa of Achillea have been investigated for their volatile constituents. We reviewed 25 papers from 1992 up to now, taking into consideration only the work undertaken with plant material collected strictly from the Balkan Peninsula. The complete data on their essential oil compositions have been compiled in Table 2 . The taxonomical nomenclature of the species or lower rank taxa has been taken from the cited work. For the currently accepted botanical names of the taxa please refer to Table 1 , which contains the relevant synonyms for the species and subspecies in question. The investigated taxa belong to two sectionsAchillea s.l. (16) and Anthemoideae (7). Three hundred and three compounds have been identified either with certainty or at least tentatively, as constituents of the hydro-distilled oils (mostly from aerial parts or inflorescence). Fourteen constituents, marked bold in Table 2 , occurred at least once in a relative amount higher that 20% (10 oxygenated monoterpenes, 3 monoterpene hydrocarbons and 1 oxygenated sesquiterpene). Among them, omnipresent in all of the investigated samples, 1,8-cineole ranged from trace levels (A. nobilis [43] ) to 47.4% (A. holosericea [36] ). The major constituents of the oils, individually and as a group, were predominantly mono-and sesquiterpenoids, with a more frequent prevalence of monoterpenoids Table 1 : The list of all currently accepted Balkan species and subspecies belonging to the genus Achillea and their Balkan trans-regional distribution. The classification into sections of the taxa was either in accordance with [1, 25, 26] or presents the current opinion of B. Z. Taxa marked with "e" represent endemic species or lower rank taxa. Currently accepted nomenclature given in bold, relevant synonymy in smaller font size. 1-designates definite presence of the taxon in the territory of the given country. 1?-designates uncertain, but possible presence of the taxon in the territory of the given country. SRB-Serbia (south of rivers Danube and Sava), BUL-Bulgaria, MKD-Macedonia, ALB-Albania, CRO-Croatia (south of river Sava), BIH-BosniaHerzegovina, MNE-Montenegro, ROM-Romania (Dobrudza), GRE-Greece (excluding Aegean islands off coastline of Turkey), TUR-Turkey (European part). over sesquiterpenoids, and oxygenated derivatives compared to hydrocarbons, accompanied by a number of phenylpropanoids, carotenoid and fatty acid derived compounds (present in significantly lower relative amount). All common structural types of monoterpenes have been detected in the Balkan Achillea species-acyclic, mono-and bicyclic skeletons, as well as the tricyclic monoterpene tricyclene (reaching a maximum amount of 4% in A. millefolium oil [50] ) and monoterpenes with a non-head-to-tail connection of the two "isoprene" units (irregular). The p-menthane and bornane monoterpene structural types were the most frequently characterized components of yarrow oils, and among them, as already mentioned, 1,8-cineole from the p-menthanes, and camphor and borneol from the bornanes. Caryophyllene oxide and the parent hydrocarbon β-caryophyllene were the most repeatedly detected sesquiterpenoids, which usually accounted for the highest (sesquiterpene) portion of the oils (16.6% of caryophyllene oxide in A. lingulata [36] oil and 16.5% of β-caryophyllene in the oil obtained from A. millefolium) [36] . A rather rare case in respect to the sesquiterpenoid portion of the oil of A. lingulata was that besides a high content of caryophyllene oxide, the oil was characterized by 22.5% of τ-cadinol. The volatile diterpenoids (phytol and manoyl oxide) were only minor contributors and were only quite rarely detected (manoyl oxide was found in only one oil sample). The oils were rather complex mixtures with only one recorded case in which a single compound accounted for more than half of the total oil (linalool in A. ligustica [47] ).
In order to make easier the discussion of the possible chemotaxonomic, biogenetic and/or ecological significance of the summarized data on the volatiles, as well as the interpretation, and the conclusions to be statistically supported, we performed principal component analysis (PCA) and agglomerative hierarchical clustering (AHC), using the Excel program plug-in XLSTAT version 2006.5. Both methods were applied utilizing three different variables: the original variables (percentages that exceed 1% of total oil contribution in at least one of the 47 oils), sums of constituent classes (monoterpene and sesquiterpene hydrocarbons, oxygenated monoterpenes and sesquiterpenes, diterpenoids, phenylpropanoids, carotenoid and fatty acid derived compounds and the others, as the ninth class) and sums of individual monoterpene structural types (acyclic, bornanes, caranes, fenchanes, p-menthanes, pinanes, thujanes and monoterpenes with irregular skeletons). The last two types of variables were used in order to eliminate several possible shortcomings (misidentification of essential oil constituents, rearrangements of oil constituents during hydro-distillation and/or GC conditions) of the direct application of data obtained from a number of different research laboratories. It seems more likely to determine erroneously the stereochemistry of the oil constituents or even the correct positional isomer of a compound (especially among the sesquiterpenes, whose many mass spectra differ by very little) than to get the structure type or compound class completely wrong. Several identified compounds have been dismissed as constituents of the oils since they are obviously either solvent residues used for the dissolution of the essential oil (for example ethyl acetate, identified as the 3.4% contributor of A. serbica oil [51] ), compounds usually present in diethyl ether preventing the formation of peroxides (BHT= ionol, listed as a constituent of the oil of A. coarctata [40] ) or the ubiquitous phthalate contaminants (the oil of A. millefolium [49] ). In these cases, the variables were recalculated to exclude these contaminants from the bulk of the oils and then used in the multivariate statistical analysis. AHC was determined using Pearson dissimilarity (as aggregation criterion was simple linkage, unweighted pair-group average and complete linkage) and Euclidean distance (aggregation criterion: weighted pair-group average, unweighted pair-group average and Ward's method). The definition of the oil groups was based on Pearson correlation, using complete linkage and unweighted pair-group average method. The three dendrograms obtained as the result of AHC are depicted in Figures 1-3 .
AHC analysis performed using identified oil constituents ( Figure 1 ) has indicated four groups (classes) of essential oils under study. The highly uneven distribution of the taxa among them can be easily recognized as the known "1,8-cineolecamphor-borneol group" [35] of Achillea species. The deep dichotomy in the dendrogram in Figure 1 , clearly separating A. lingulata [36] , A. millefolium [49] , and the two samples of A. corabensis [41] from the rest of the species that form a single class can be traced to some of the major contributors of their oils, namely τ-cadinol (22.5%) and α-bisabolene oxide (12.8%) in A. lingulata oil [36] , lavandulol (7.3%) and cis-piperitol (4.9%) in A. millefolium [49] , α-phellandrene (9.0-12.7%) and p-cymene (17.0-29.4%) in A. corabensis oils [41] , as well as to the presence and/or absence of other minor constituents . The components are grouped according to their biosynthetic and/or artefactual origin. Fourteen constituents, marked bold in Table 2 , occurred at least once in a relative amount higher that 20%. (Figure 4) ]. In the PCA, the horizontal axis accounts for ca. 7% of variation, while the vertical axis for a further 6%. As evident from both statistical analyses, the four samples-A. lingulata, A. millefolium and A. corabensis, clearly stand out from the bulk of the rest of the observations that were characterized by the presence of high amounts of 1,8-cineole, camphor and/or borneol. Thus, chemically speaking, A. lingulata (Stara Planina) [36] , appears to be the most differentiated species, with metabolic pathways leading to compounds in its essential oil not significantly shared with the rest of the species. Indeed, useful chemotaxonomic markers for A. lingulata [36] could be the sesquiterpenoids already mentioned. However, the multivariate analysis using the oil components as variables reflects neither current [26] nor previous [17, 27] classification of the species of Achillea into sections, groups or subsections since the most common chemotype "1,8-cineole-camphor-borneol" (CCB) circumscribes almost all species growing in the Balkan peninsula. However, some of the subclades (Figure 1) show quite clearly the species evolutionary relationships. The separation of A. chysocoma, samples 1 and 2 [32, 33] , and A. coarctata [40] into one of the two subclasses of the CCB, following the older classification of the sect. Filipendulinae, can serve as an example. The further subdivision of the other CCB subclass also deserves attention. The observations of the subclade (Figure 1) consisting of A. alexandri-regis 1 and 2, A. holosericea 3, 4 and 5, and A. lingulata 2, 3 and 5 (and A. abrotanoides 3) (plant material collected at several different sites), demonstrates with striking directness the hybrid origin of A. alexandri-regis [31] . Thus, not only do the morphological traits, but also the chemical ones, support the hypothesis of the rare intersection hybridization of the parent A. lingulata and A. holosericea (A. lingulata belongs to sect. Anthemoideae, and A. holosericea to sect. Achillea s.l.). It is interesting to note that the authors of the paper [31] dealing with the volatiles of only these three species have not drawn any conclusions nor tried to discuss this subject. Other secondary metabolites (non-volatile) also suggest the hybrid origin of A. alexandri-regis [54] . Likewise, the closer relationship of one of the samples of A. holosericea [45] with A. alexandri-regis also corroborates the classification of A. alexandri-regis, together with A. holosericea, into the old sect. Filipendulinae (now part of sect. Achillea s.l.). 
Dissimilarity
One of the advantages of the use of original variables in AHC analysis can be seen in the way that the oils isolated from either different plant organs or isolated from cultivated and wild-growing plant material (showing quite different distribution patterns among oil constituents) group together in the dendrogram (examples are A. ligustica 1 and 2 [47] and A. corabensis 1 and 2 [41] ). One can conclude that certain evolutionary relationships are highlighted within the CCB group. However, none of the other species groups (most of the members of sect. Achillea s.l. and Anthemoideae remain intermingled) seem to be given any particular position in either PCA or AHC. Hence, individual compounds can be regarded as useful chemotaxonomic markers to some extent.
In a recent paper [55] on the chemotaxonomy of the genus Stachys, using volatiles as markers, the importance of constituent classes (their relative amounts) and not individual oil components was emphasized. The resulting dendrogram (Figure 2 ) did not differ in several points from the first one obtained -there was a pronounced grouping of A. alexandriregis, A. holosericea, and A. lingulata, as previously noted; a great number of species (29 observations) belonged to one of the clades corresponding to the CCB group. However, the significant difference was the almost complete lack of clustering (39 classes were inferred at the given confidence level), showing that the apparent correspondence of dendrograms could be deceiving. Also, the A. millefolium 1 outgroup is now nested within the CCB clade and A. corabensis 1 and 2 and A. lingulata 4 were shown to be more closely related to the A. alexandri-regis group. The last observation concerning the A. alexandri-regis group led us to a more general hypothesis that the level of oxygenation could be, . Such a discrimination of species in the genus Achillea according to their origin was previously noted [52] . Balkan species A. clypeolata, A. crithmifolia and A. tenuifolia, as the author named them, were clearly separated from the Central and Western European species of the genus Achillea. However, this separation was not correlated with the level of terpenoid oxygenation. It could be possible to expect that the plant samples (from Mt Šar-Planina and separately N.W. Greece) experienced similar or, if not, the same ecological factors, and these perhaps alone determine the extent of oxygenation. It follows then that the ratio of hydrocarbons to oxygenated derivatives of both monoterpenes and sesquiterpenes can reflect not only the chemotaxonomic relationships but also the ecogeographical variations within the observations. In addition, the PCA analysis showed that there is a noteworthy negative correlation coefficient existent between oxygenated monoterpenes and both sesquiterpene (-0.596) and monoterpene (-0.639) hydrocarbons, highlighting a direct quantitative link between these three classes of compounds.
The third dendrogram was constructed using the relative amounts (sums of percentages) of the monoterpene structural types ( Figure 3 and Table 2 ). Two groups (classes C1 and C2) could be recognized from this AHC analysis. Both of the class centroids contained similar contents of p-menthanes, exemplified by the omnipresence of 1,8-cineole in the oils. Similarly, both class centroids were characterized by a high percentage of the bornane structural type compounds (among them camphor and borneol being the predominant contributors). The distinction between the two was made according to the presence of higher concentrations of the pinanes and bornanes in class C1, and thujanes and irregular monoterpenes in the class C2. The evolution of the secondary metabolism of the monoterpenoids has made the species of this genus primarily specialized in the biosynthesis of compounds belonging to the monocyclic p-menthane and the bicyclic bornane series. Only low percentages of fenchanes and Dissimilarity caranes were reported. The subclades of the classes more strongly demonstrate the grouping of the species according to their sections. One of the apparent exceptions is A. ligustica as "the out-group" of the C1 class. It should be noted that there is yet no evidence available for the monophyly of sect. Anthemoideae [26] , and that the core group of this section always appears closely linked with A. ligustica [26] (regarded as part of sect. Achillea s.l.) a fact that may be relevant to the origin of sect. Anthemoideae. One of the samples (2) (Figure 3) . No significant correlation coefficients were obtained in the PCA analysis between the monoterpene compound classes indicating, probably, the genetic dependence/determination of the extent of a given metabolic pathway and excluding the possible mutual dependence between relative amounts of the oil constituents belonging to different structural types (different cyclases must be responsible for the biosynthesis of these distinct skeletons).
The PCA analysis of the original variables (relative content of the identified compounds) has revealed a number of strong dependences between essential oil constituents. These could be explained in two manners, one being the biogenetic one and the other artefactual. In most cases both arguments may be applicable. Striking co-occurrence qualitative and quantitative patterns present amongst ascaridole and α-terpinene could be a good example of a possible biogenetic relationship. The biosynthesis of ascaridole from the conjugated symmetrical diene, α-terpinene (a major component of the oil from wormseed), was shown to be catalyzed by a solution of iodide peroxidase isolated from the homogenates of Chenopodium ambrosioides (Chenopodiaceae) fruit and leaves [56] . It appears that the biosynthesis of this monoterpene endoperoxide proceeds in a similar manner in the species of Achillea, suggested by the strong correlation coefficient between ascaridole and α-terpinene (+0.906). High coefficients were also noted between isomeric compounds -γ-terpinene and terpinolene (+0.843), and α-terpinene and tricyclene (+0.831). A number of mono-and sesquiterpene synthases are remarkable in the fact that they can transform a single substrate into multiple products. This is quite obvious in the case of γ-terpinene and terpinolene (leading from the common α-terpinyl cation), but less straightforward for the latter two monoterpenes. p-Cymene was closely related to α-phellandrene (+0.816), α-thujene (+0.858) and sabinene (+0.817), possibly because these three terpenes could be substrates of the same dehydrogenase, leading to the aromatic p-cymene. trans-Piperitol, with both cis-and trans-p-menth-2-en-1-ol (+0.926 and +0.938, respectively), as well as myrtenol with trans-pinocarveol (+0.700) could serve as examples both of possible biogenetic and/or artefactual connection in operation. These present allylic isomers that are either easily inter convertible during hydro-distillation (hence, the lack of discrimination between the stereoisomeric p-menth-2-en-1-ols) or could be products of the same synthase from common precursors. The release of strain by the rupture of the cyclopropane ring in certain carane derivatives could be the reason for the strong interdependence between α-terpineol and trans-2-caranol (+0.889), and probably limonene and δ-3-carene (+0.719) and is most probably effected during the isolation procedure (hydro-distillation -extensive heat supply and presence of acids from the plant material for the duration of 2.5 h). The interdependence of the monoterpenoid and sesquiterpenoid pathways was also visible and significant for a number of oil constituent correlations, most commonly between the isomeric eudesmols and, for example β-thujone, p-menth-1,5-dien-8-ol, isopiperitenol, terpinen-4-ol, and γ-terpinene. A previously reported dependence between the sesquiterpene originated artefact chamazulene and β-pinene [57] reappeared in our analysis, but with a much stronger correlation coefficient (+0.51 compared to +0.948) and this fact was used as the basis of the establishment of an A. millefolium chemotype [57] . Our analysis also showed strong correlations for β-pinene with β-caryophyllene (+0.831) and bicyclogermacrene (+0.842). The correlations between sesquiterpenoids were not so numerous as the ones for monoterpenoids. One explicit example is the relationship between α-bisabolol and α-bisabolene oxide (+0.988). Strong negative correlations were much less frequent then the positive ones, indicating that the co-occurrence of structurally related (borneol and camphor [-0 .097], compared to artemisia alcohol and artemisia ketone [+0.815], for example) compounds may be due to several enzymes (not) working in unison (the synthase and oxygenase of borneol do not seem to co-operate. However, the enzymes appear to be "working together" in the case of the irregular monoterpenoids). The PCA analysis could also be used to indicate possible misidentifications of oil constituents. This is exemplified by the +0.910 correlation coefficient observed between α-terpinyl acetate and isopiperitenol. One could expect to note a connection between α-terpinenol and α-terpinyl acetate since analogous correlations between cischrysanthenol and cis-chrysanthenyl acetate (+0.950) exist. However, it seems reasonable to assume that one of the components, most probably the relatively rare acetate of isopiperitenol, could have been misidentified as the more common α-terpinyl acetate, than to invoke another much more complicated biogenetic explanation for this fact.
Bearing in mind all the before-mentioned information, the following were concluded:
The chemotaxonomic approach to the evolutionary relationships within the genus Achillea (at least for the Balkan Peninsula species), using PCA and AHC analyses, revealed the significance of monoterpene structure-types and, to only a limited extent, of the individual components as markers, while also suggesting that the level of oxygenation is much more determined by ecogeographical factors than genetic ones. This is very well illustrated by the A. alexandri-regis group. The morphological, chemical and molecular [25, 26] traits appear to be in complete agreement. PCA analysis also showed that the terpenoid variation can be used to explore (hypothetical) biogenic pathways. A quantitative, mathematical relationship following the general linear form between individual compounds in an oil profile would suggest that the biosynthesis of such chemicals is not only closely related, but may involve either the same enzyme system or at least a common intermediate. Likewise, the same correlation coefficients could find use in pinpointing possible misidentifications or artefactual formation of some oil components.
